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Experiments were conducted in individually perfused microvessels in rat mesentery. Changes in microvessel permeability were determined by measuring hydraulic conductivity (L p ) before and after each vessel was exposed to superoxide, generated by hypoxanthine and xanthine oxidase (HX/XO) or H 2 O 2 . The endothelial intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) was measured in fura-2 AM-loaded microvessels with both photometry and imaging systems, and the experimental conditions were similar to those of the L p measurements. The role of Ca 2ϩ influx in superoxide and H 2 O 2 -induced permeability increases were examined in vessels pretreated with a Ca 2ϩ channel blocker, LaCl 3 .
MATERIAL AND METHODS
Animal preparation. Experiments were carried out on female Sprague-Dawley rats (2 to 3 mo old; 220 -250 g; Hilltop Laboratory Animals, Scottdale, PA) anesthetized with pentobarbital sodium (65 mg/kg body wt) given subcutaneously. Additional 3-mg doses were given as needed to maintain anesthesia during the experiment. All procedures and animal use were approved by the Animal Care and Use Committee at West Virginia University. Each rat was first anesthetized, the trachea was then intubated. A midline surgical incision (1.5 to 2 cm) was made in the abdominal wall. The mesentery was gently moved out of the abdominal cavity and spread over a pillar for L p measurements or over a glass coverslip attached to an animal tray for endothelial [Ca 2ϩ ]i measurements. The animal was kept warm on a heating pad, and the upper surface of the mesentery was continuously superfused with warmed (37°C) mammalian Ringer's solution. Venular microvessels free of firmly attached leukocytes and with brisk blood flow were selected for the experiments. The diameter of the selected vessels ranged between 40 and 50 m. Each experiment was carried out on a single microvessel from each animal.
Measurement of L p. All measurements were based on the modified Landis technique, which measures the volume flux of water across the microvessel wall. The assumptions and limitations of the original method and its application to mammalian microvessels have been evaluated in detail elsewhere (4, 19) . Briefly, a single venular microvessel is cannulated with a glass micropipette and perfused with albumin-Ringer's solution (control) that contains 1% (vol/vol) hamster red blood cells as markers. A hydrostatic pressure (ranged from 40 to 70 cmH2O), controlled by a water manometer, is applied through the micropipette to the microvessel lumen, which allows the perfusate to continuously flow through the vessel. Video images were recorded from a segment of the perfused microvessel during each experiment. For each measurement, the perfused vessel was briefly occluded downstream with a glass rod for 5-7 s. The initial water flow per unit area of microvessel wall [(J v/S)0, where Jv was the water flux and S was the unit area of the microvessel wall] was calculated from the velocity of the marker cell after the vessel was occluded, the vessel radius, and the distance between the marker cell and the occlusion site. Microvessel L p was calculated as the slope of the relation between (Jv/S)0 and the pressure difference across the microvessel wall. In each experiment, the baseline L p and the Lp after the application of testing solution were measured in the same vessel. This allowed the test agent-induced changes in L p to be compared with its own control. The changes in Lp were expressed as the ratio of test agent-induced Lp to control Lp. To prevent the red blood cell marker from interacting with H 2O2 in the perfusate, marker cells were not present during the 30 and 60 min H 2O2 perfusion period. Only during Lp measurements after perfusion of H2O2 for 30 or 60 min was a small amount of red blood cells added to the perfusate by recannulation of the vessel.
Measurements of endothelial [Ca 2ϩ ]i. Endothelial [Ca 2ϩ ]i was measured with a photometer or Ca 2ϩ imaging in individually perfused microvessels using the fluorescent Ca 2ϩ indicator fura-2 AM. A Nikon Diaphod 300 microscope equipped with a Nikon photometry system and a digital cooled charge-coupled device camera (ORCA, Hamamatsu, 12 bit) was used for the experiments. The experimental procedures have been described in detail elsewhere (14, 16) . In brief, a venular microvessel in rat mesentery was first cannulated and perfused with albumin-Ringer solution containing 10 M fura-2 AM for 45 min in the dark. The vessel was then recannulated and perfused with albumin-Ringer solution for 10 min to remove fura-2 AM from the vessel lumen. The excitation wavelengths for fura-2 were selected by two narrow band interference filters (Oriel; 340 Ϯ 5 nm and 380 Ϯ 5 nm). The emission was separated with a dichroic mirror (DM400) and an interference filter (Oriel; 500 Ϯ 20 nm). The excitation wavelength alternated between 340 and 380 nm, and values of fluorescence intensity (FI)340 and FI380 were collected with 0.25-s exposure at each wavelength. A dry Nikon Fluor lens (ϫ20; numerical aperture, 0.75) was used for collecting the fluorescence. At the end of each experiment, the microvessel was superfused with a modified Ringer solution (5 mM Mn 2ϩ without Ca 2ϩ ) while being perfused with the same solution containing ionomycin (10 M) . This procedure bleaches the Ca 2ϩ -sensitive form of fura-2. The background FI, due to unconverted fura-2 AM and other Ca 2ϩ -insensitive forms of fura-2, were recorded at both wavelengths and subtracted from FI340 and FI380. The ratios of the two FIs were calculated and converted to Ca 2ϩ concentrations with an in vitro calibration curve obtained with each system. A Nikon photometer was used to collect the mean FI from a group of endothelial cells (about 50) forming the microvessel wall. A rectangular variable diaphragm located in the photometer finder determines the size of the measuring window (150 ϫ 50 m) through which the FI was collected. A Hamamatsu camera and Metafluo software (Universal Imaging) were used for image acquisition. Images were collected from a group of endothelial cells that were located at the same focal plane of the microvessel wall under control conditions and after exposure to testing perfusate using identical instrumental settings. Quantitative image analysis was conducted at individual endothelial cell levels using selected regions of interest (ROIs) along the vessel wall. Metafluo software was used to quantify the FI. Each ROI covers the area of one individual cell as indicated by the fluorescence outline. The autofluorescence measured from the surrounding tissue outside of the loaded vessel, which was minimal, was subtracted from all of the FI measurements. To evaluate the degree of heterogeneity of Ca 2ϩ responses between individual endothelial cells within each vessel, the standard deviation of measured [Ca 2ϩ ]i from individual ROIs in each vessel was divided by that of the mean and expressed as a percentage (24, 33) , producing the relative variability under both control and stimulated conditions.
Measurement of chemiluminescence. The magnitude of superoxide generated by the HX/XO chemical reaction was quantified through luminol-enhanced chemiluminescence (CL) measurements in cell-free systems using a computer-controlled luminometer equipped with a reagent injector and thermocontrolled chamber (AutoLumat Plus LB953; Berthold Technologies). Solution mixtures were preincubated at 37°C for 10 min before the CL measurement. Each sample (0.25 ml) contained 0.8 M luminol (5-amino-2,3-dihydro-1,4-phthalazinedione; Sigma), 10 mU/ml XO, and 0.5 mM HX in the presence or absence of 1,500 U/ml superoxide dismutase (SOD). The reaction was initiated by automated injection of HX (substrate) to the mixture to ensure an immediate mixing and measurement. The CL in each sample was continuously recorded for 60 min and reported as relative light units (RLU). The magnitude of CL generated by these concentrations of HX/XO was comparable with that produced by fMLP-stimulated superoxide release in isolated neutrophils (2 ϫ 10 6 /ml) (37) . Solutions and reagents. Mammalian Ringer solution was used for dissecting mesenteries, superfusing tissue, and preparing the perfusion solutions (16) . The composition of the mammalian Ringer solution was (in mM) 132 NaCl, 4.6 KCl, 2 CaCl 2, 1.2 MgSO4, 5.5 glucose, 5.0 NaHCO3, 20 HEPES, and Na-HEPES. The pH of the Ringer solution was maintained at 7.40 to 7.45 by adjusting the ratio of Na-HEPES to HEPES. All perfusates used for control and test perfusion contained BSA (10 mg/ml).
HX was purchased from MP Biomedicals (Solon, OH), and XO and SOD were from Sigma. H 2O2 (30%; Fisher BioReagents) was diluted with albumin-Ringer solution to the desired final concentrations. All perfusates containing the test agent were freshly prepared before each cannulation.
Data analysis and statistics. All values listed in the text are means Ϯ SE, except where noted. Paired t-tests were used to analyze the mean values obtained before and after stimulation of the same vessel. Unpaired t-tests and one-way ANOVA were used to compare data between groups. A probability value of P Ͻ 0.05 was considered statistically significant. In summary figures, an asterisk (*) indicates a significant increase from the negative control and the dagger ( †) indicates a significant decrease from the positive control.
RESULTS

Superoxide induced immediate and transient increases in microvessel L p .
To investigate the effect of superoxide on microvessel permeability HX (0.5 mM) and XO (10 mU/ml) were used to generate superoxide in the perfusate. Figure 1 shows that RLU measured by CL increased from 103 Ϯ 15 to 724 Ϯ 69 (n ϭ 3) when HX was added to the Ringer-albumin solution containing XO and remained at that level during 60 min of measurement. This magnitude of CL increase was comparable with that produced by fMLP-stimulated neutrophils (6 -8-fold increase), which induced a transient increase in microvessel L p (37, 38) . The increased CL by HX/XO reaction was completely abolished by SOD (1,500 U/ml). In addition, H 2 O 2 at either 100 or 500 M did not cause any increases in CL, indicating that superoxide and not H 2 O 2 contributed to HX/XO-produced CL.
The effect of superoxide on microvessel L p was examined in seven microvessels. The mean control L p was 1. Figure 2A shows the time course of an individual experiment. The mean peak L p , which occurred within 5 min of HX/XO perfusion, was 4.3 Ϯ 0.6 times that of the control and fell close to control level after 15 min. Due to the potential binding of extracellular XO to vascular endothelium (18) , the effect of XO alone on microvessel L p was examined in three vessels. No significant changes in L p were observed. Figure 2C summarizes the results.
To distinguish the role of superoxide from that of H 2 O 2 in HX/XO-induced L p increase, the effects of SOD on basal L p and HX/XO-induced L p increase were examined in four microvessels. The perfusion of SOD (1,500 U/ml) for 20 min did not change the basal L p (Lp SOD /Lp control was 1.0 Ϯ 0.1). When SOD plus HX/XO was applied to each vessel, the HX/XOinduced transient increase in L p was completely abolished, which is consistent with the CL measurement. The mean Lp SODϩHX/XO was 1.1 Ϯ 0.2 times the control value. An individual experiment is shown in Fig. 2B , and a summary is presented in Fig. 2C . ] i was completely abolished when each vessel was perfused with HX/XO in the presence of SOD. When two of the vessels were re-exposed to HX/XO in the absence of SOD, the Ca 2ϩ response was resumed. The time course of a single experiment is presented in Fig. 3B . Figure 3C summarizes showing that SOD had no effect on basal Lp and completely abolished the HX/XO-induced increases in Lp. C: summary of the HX/XO-induced peak Lp increases (n ϭ 7) and the effects of SOD on basal Lp (n ϭ 3) and HX/XO-induced increases in microvessel Lp (n ϭ 4). *Significant increase from negative control (P Ͻ 0.05); †significant decrease from positive control (P Ͻ 0.05). Fig. 4, C and D 3 (n ϭ 4) . A significant L p increase was observed after 30 min perfusion of H 2 O 2 at 500 M, which was 3.6 Ϯ 0.6 times that of the control (n ϭ 9). After 1 h perfusion of H 2 O 2 at 100 or 500 M, the L p increased to 6.6 Ϯ 0.9 (n ϭ 7) and 11.3 Ϯ 3.6 (n ϭ 5) times that of the control, respectively. Figure 5 , C-F, shows the individual representative experiments. Figure 6A shows the summary.
Superoxide induced immediate and transient increases in endothelial [
The reversibility of the increased L p induced by H 2 O 2 was also studied. In the same seven vessels that were exposed to H 2 O 2 at 100 M for 60 min, perfusion of albumin-Ringer perfusate for 15 min partially recovered L p from 6.6 Ϯ 0.9 to 3.6 Ϯ 0.7 times the control value. However, the same maneuver did not reverse the increased L p in microvessels that were exposed to H 2 O 2 at 500 M for 60 min (n ϭ 4). ] i measured at individual cell levels were slightly higher than the photometry measurements, but not statistically significant. Heterogeneous responses were observed in all vessels. The mean relative variability of six vessels was 15 Ϯ 2% under control conditions and significantly increased to 35 Ϯ 2% and 33 Ϯ 2% after perfusion of H 2 O 2 for 45 and 60 min at 100 and 500 M, respectively. Figure 7 , B and D, illustrates Ca 2ϩ images from two representative microvessels that were exposed to 100 and 500 M H 2 O 2 . The histograms (Fig. 7, C and E) illustrate the variations of individual endothelial Ca 2ϩ responses at different time points from the vessel presented in Fig. 7 Figure 8A shows an individual experiment, and ] i was examined in nine microvessels. Mean control ] i and microvessel permeability were delayed and progressive, demonstrating a concentration and time dependence. The results indicated that these two oxygen species and their direct derivatives activate endothelium, or evoke cell damage, via different cellular mechanisms. Their distinct actions may explain the transient versus prolonged permeability increases induced by ROS released from activated blood cells under different experimental conditions (37, 38) . Heterogeneous Ca 2ϩ responses at individual endothelial cell levels were illustrated by Ca 2ϩ imaging in both H 2 O 2 and HX/XO perfused vessels, a pattern consistent with observations in inflammatory mediator-stimulated microvessels (24, 27) . The results that inhibition of Ca 2ϩ influx by LaCl 3 prevented HX/XO and H 2 O 2 -induced L p increases indicate a critical role of Ca 2ϩ influx in both superoxide and H 2 O 2 -induced permeability increases.
In recent years, reported evidence has suggested that ROS are no longer merely injurious by-products of metabolism but are essential participants in cell signaling to regulate cellular functions (3, 8, 17, 35) . Our previous studies demonstrated that ROS released from activated neutrophils, either in suspension (37) or attached to microvessel walls (38) , caused a transient increase in endothelial [Ca 2ϩ ] i and microvessel permeability, whereas the addition of SOD inhibited the response (37) . Superoxide anions are the initial product generated through NADPH oxidase-mediated respiratory burst upon neutrophil activation by fMLP (2, 5, 37) . Our previous CL measurements confirmed such superoxide production with fMLP-stimulated neutrophils (37) . However, the released superoxide anion may spontaneously be catalyzed into H 2 O 2 and other oxidants radicals. It is important to understand the role of each individual species in the permeability increase. Our present study used the enzymatic reaction of HX/XO in the perfusate to simulate the ROS released from activated blood cells. The magnitude of superoxide generated by HX/XO was made comparable with that produced by fMLP-stimulated neutrophils (2 ϫ 10 6 /ml) (37) by measuring CL. Vessels perfused with HX/XO produced immediate and transient increases in endothelial [Ca 2ϩ ] i and microvessel L p , a pattern similar to that observed in vessels perfused with fMLP-stimulated neutrophils in suspension. The enzymatic reaction of HX/XO would be expected to generate both superoxide and H 2 O 2 (10). We then used SOD, a scavenger of superoxide, and a direct application of H 2 O 2 to further define the individual roles of superoxide and H 2 O 2 in HX/XOinduced permeability increases. SOD completely abolished the enzymatic reaction of CL, as well as HX/XO-induced increases in endothelial [Ca 2ϩ ] i and microvessel L p , which indicated that in the absence of superoxide, the amount of H 2 O 2 produced by HX/XO reaction plus that catalyzed by SOD from HX/XOgenerated superoxide does not have the same effect on L p and [Ca 2ϩ ] i when superoxide was present. Additionally, the direct perfusion of H 2 O 2 at 100 or 500 M showing no immediate increase in either permeability or endothelial [Ca 2ϩ ] i supports that superoxide generated by HX/XO or released by fMLPstimulated neutrophils, and not the H 2 O 2 produced by HX/XO reaction or spontaneously catalyzed from superoxide, is responsible for the immediate and transient increases in microvessel permeability.
Early studies by Del Maestro (6, 7) demonstrated that superfusion of XO in the hamster check pouch transiently increased the number of leakage sites and leukocyte interactions with endothelium. Based on their observations that presuperfusion of either SOD or catalase resulted in decreased macromolecular extravasation, it was concluded that superoxide and H 2 O 2 presence is necessary for the transiently increased leakage. Due to the potential contamination of catalase with SOD (11), we distinguished the role of superoxide from that of H 2 O 2 in microvessel permeability by using SOD and directly applied H 2 O 2 . Unlike studies using the whole vascular bed, our studies focused on the direct interaction of reactive species with endothelial cells, which were conducted in the absence of the effect of ROS-stimulated leukocyte on leakage formations. Furthermore, our results showed that perfusing vessels with XO alone did not have effect on microvessel L p , unlike the results from whole vascular bed (6, 7) . It appears that in the absence of blood, endothelial cells in the vessel walls do not have sufficient substrate to interact with XO to produce superoxide.
Another important ROS is hydroxyl radical, which can be a direct derivative of superoxide or H 2 O 2 , but contributes to permeability increases in both cases. Hydroxyl radicals derived from superoxide anions have been reported as a key factor in increased vascular permeability produced by ischemia and systemic infusion or local superfusion of HX/XO (7, 28, 29 ] i and permeability indicate that these two ROS may trigger signaling pathways or evoke cellular damage via different cellular mechanisms. Currently, in vitro studies indicate that endothelial gap formation, the disruption of adhesion proteins, and the changes in cytoskeleton arrangements are the mechanisms for ROS-induced endothelial barrier dysfunction, which are similar to those reported in inflammatory mediator-induced permeability increases (1, 9, 12, 17, 20, 21, 36) . Whether different cellular mechanisms are responsible for such distinct patterns of permeability increases in intact microvessels remains to be determined. The results obtained from this study suggest that during acute inflammation superoxide released from activated neutrophils is responsible for immediate increases in microvessel permeability and that the subsequent accumulation of H 2 O 2 contributes to the late-phased, sustained permeability increases. Both acute and delayed permeability increases are dependent of endothelial Ca 2ϩ influx. Blocking Ca 2ϩ influx can be a strategy in the prevention of ROS-induced permeability increases and vascular dysfunction under different pathological conditions.
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